The influence of low temperature on soybean (Glycine max [L.] Meff. cv. Wells) energy transduction via mitochondrial respiration and dehydrogenases was investigated in this study during imbibition and germination. Mitochondria were isolated from embryonic axes of seeds treated at 10 and 23 C (control) by submergence in H20 for 6 hours and maintenance for an additional 42 hours in a moist environment.
Gluhtmate dehydrogenase (GDH), malate dehydrogenase (MDH), adcohol dehydrogenase (ADH), glucose-6-phosphate dehydrogenase (G6P-DH), and NADP-isocitrate dehydrogenase (NADP-ICDH) were sayed from whole seeds and axes (after germination) during the 48 bours of temperature treatments. Activity of these dehydrogenases decased during the first 6 hours with the exception of MDH. After germination at 23 C (48 hours) all five debydrogenases increased in activity. Arrhenius plots of cotyledon debydrogenase activities indicated that one inflection temperature between 6 and 18 C was present for each enzyme assayed. Differences were seen in Arrhenius plots of axes dehydrogenase activities with the two temperature treatments in the cases of GDH and MDH from mitochondrial pellets and with differences in enzyme extraction media. These data suggest that the temperature treatments yield differences in mitochondrial enzyme complement. There were no detectable inflection temperatures for the activities of G6P-DH and ADH extracted from axes. Arrhenius plots of NADP-ICDH activity indicated extreme cold sensitivity. The dopes of the plots for axes NADP-ICDH were very similar to those for mitochondrial respiration (23 C living tissues and about 15 C (chilling-sensitive) and those which are not damaged and continue to grow at all temperatures within this range (chilling-resistant) (21, 26) . The soybean is a chilling-sensitive plant in that a halt in growth and/or injury may occur at some point within this range of temperatures during all stages of development from germination to seed ripening (15) . In addition to photoperiodic requirements, sensitivity to temperature has limited the growing season and geographic distribution of soybeans, although cultivar responses to both environmental parameters vary to some extent (15, 32) .
Sensitivity of plants and animals to chilling temperature seems to be due to a combination of two factors: (a) changes in the molecular ordering of organelle membranes (26, 27) ; and (b) increases in the Arrhenius Eas2 for enzymic reactions (26, 37) , which may be associated with membrane phase changes (17, 29) . Unlike chilling-sensitive organisms, chilling-resistant plants and animals lack inflections or discontinuities in Arrhenius plots for such processes as respiration (22, 26) . Inflections in Arrhenius plots for a physiological process at low temperature are usually indicative of a higher Ea for an enzyme or enzymes below the inflection temperature and indicate an alteration of that process.
Because the removal of membrane-bound enzymes from their membranes may result in the disappearance of inflections or discontinuities in the Arrhenius plots for the activities of those enzymes (17, 29) , it can be inferred that enzyme-membrane or enzyme-lipid interactions are accountable for variations in physiological function of chilling-sensitive and chilling-resistant plants. Differences in the lipid constituents of membranes rather than enzymes in these two groups of plants are usually considered to produce the observed variations in Arrhenius plots (26, 27) . However, changes in isoenzymes occur with cold acclimation (development of resistance to freezing) and deacclimation (19) along with changes in the amounts of membrane-bound and water-soluble enzymes (12, 19) . This suggests that, at least in part, the enzyme complement of tissues could influence responses to low temperature in some species.
Studies with legumes have shown that during imbibition and germination rapid changes occur in mitochondrial respiration (24, 33) . Dehydrogenases are of particular importance in cold acclimation due to their production of reduced nucleotides necessary for energy transduction (1, 19 All dehydrogenases were assayed spectrophotometrically utilizing a Gilford 2000 spectrophotometer equipped with a H20-jacketed cuvette chamber for temperature control. GDH and MDH were assayed as described before (9) with pellet and supernatant activites added to give total activity. ADH, G6P-DH, and NADP-ICDH assays were conducted with ammonium sulfate preparations from supernatants only in samples containing cotyledons. Ammonium sulfate precipitation of these enzymes was necessary due to endogenous reduction of nucleotides with the crude preparation. NADP-ICDH mixtures contained 2.5 ml of 0.1 M HEPES (pH 7.5), 0.1 ml of enzyme preparation, 0.2 ml of 0.03 M NADP+, 0.1 ml of 0.15 M MnSO4, and 0.1 ml of 0.15 M DL-isocitrate, with the last two listed additions incubated together for at least 5 min before their addition (16) . ADH assay mixtures contained 2.6 ml of 0.1 M Trizma (pH 7.5), 0.1 ml of enzyme preparation, 0.2 ml of 10-3 M NAD+, and 0.1 ml of 3 M ethanol. G6P-DH reaction mixtures contained 2.5 ml of 0.05 M HEPES, 0.1 ml of 0.15 M MgCl2, 0.1 ml of enzyme preparation, 0.2 ml of 10-3 M NADP+, and 0.1 ml of 0.04 M glucose-6-P. All assays except those of Arrhenius plots were conducted at 23 C. Activities of enzymes at 10 C were calculated for those extracted from cold-treated seeds (see Fig.  3 ) from the Arrhenius plots (see Fig. 4 ). Enzyme activities are expressed as nmol or ,umol of nucleotide reduced or oxidized min-' g1-fresh wt or g-' initial wt (weight before imbibition) and as AOD min-in Arrhenius plots. Again due to inert protein added to stabilize dehydrogenase activities (8) , protein determinations of any reliability were impossible.
F,s were calculated as by Segel (34) Figure 1 indicates that from 0 to 3 hr, while submerged, imbibition at 23 C (24.5% increase in fresh wt/hr) was considerably faster than that at 10 C (16.7% increase in fresh wt/hr). Between 3 and 6 hr, both rates decreased. After removal from submergence (6 hr), rates of imbibition were almost equal (3.9 and 3.7% increase in fresh wt/hr, respectively, for 10 and 23 C treatments). Between 12 and 24 hr, the rate for 23 C imbibition was near zero while that at 10 C had slowed considerably. Because appreciable soybean germination occurred between 24 and 48 hr at 23 C, embryonic axes were separated from cotyledons at 48 hr and each part was weighed separately to determine its respective contribution to the marked increase in rate of weight gain during this period.
At 48 hr, embryonic axes at 10 C weighed about 40% of those at 23 C. Weight gain at 10 C was very slow after 24 hr.
Germination studies consisted of 300 seeds each at 10 and 23 C. These two temperatures were chosen because screening for "cold tolerance" with soybean cultivars had been conducted by testing for germination at 10 C (20) , and whole seedling accumulation of dry matter appeared maximal between 20 and 25 C (32). At 23 C, 72% of the seed had germinated at 36 hr, whereas at 10 C this percentage was not achieved until after 144 hr (Table I ). Wells appears to be among the slower soybean cultivars in germination at 10 C as compared to other cultivars (20) . After germination at 10 C, hypocotyl extension was severely depressed and growth was slow and abnormal.
Mitochondrial Respiration. Embryonic axes were harvested chronologically at 48 hr for mitochondrial extraction because there were no comparable developmental stages at the two temperatures. Mitochondria from axes at 23 C had only one inflection point in the Arrhenius plot (12.5 C) for both state 3 and 4 respiration (Fig. 2) . The RC ratios (ratio of state 3 to state 4 respiration, cf. Estabrook [10] ) were increased to near 5.0 below this inflection, as compared to 2.8 above the inflection point. The Ea above the inflection temperature was 15.6 kcal/ mol whereas the Ea below the inflection temperature was very large.
Our 10% loss of activity over the assay period compares favorably with the data of others (28) and does not explain the rapid drop in activity below the lowest inflection temperature for mitochondria extracted from axes of both treatments (Fig.  2) . However, these substantial decreases in respiratory activity may be due to our measuring only initial state 3 and 4 respiration. Raison and Lyons have indicated that initial state 3 respiration of plant mitochondria is slow and becomes progressively slower as temperature is lowered; hence, they have either averaged states 3 and 4 over several cycles (22) The Arrhenius plot (Fig. 2) for respiration of mitochondria extracted from tissues at 10 C is discontinuous at 31 C and 8 C. Discontinuous three-phase plots seem to be normal for chillingsensitive organisms (30) ; however, it is unusual that the phase at the higher temperature, as in our study, has a higher Ea than that of the next lowest phase (23.6 kcal/mol from 30-40 C and 7.8 kcal/mol from 20-30 C). The RC ratios for all phases were near 1.0. This could indicate a large endogenous supply of ADP within the mitochondria (13) . Cold hydration of maize seeds has been shown to increase endogenous supplies of ADP (5) . On the other hand this could reflect uncoupled mitochondria or ADP transport that is more cold-sensitive than respiration. In rat liver mitochondria, ADP transport is quite sensitive to low temperature, having an Ea of 28.5 to 34 kcal/mol below the Arrhenius inflection (18, 25) . Following cold imbibition in maize, RC ratios were 1.0 and required several days for recovery when succinate was used as a respiratory substrate (5). Cold treatment greatly reduced RC ratios in Trticum (23) indicating that this may be a common response to cold treatment with plants. Respiration rates for the mitochondria of 10 C-treated axes were higher than those of 23 C-treated axes at all temperatures above 8 C. These differences that we observed in mitochondrial respiration with the two sources employed (10 and 23 C, 48-hr axes) may indicate that some type of modification occurred in the lipids of the mitochondrial membranes of soybean embryonic axes with chilling. Phospholipids in mitochondrial membranes have been directly implicated as accounting for the slopes and inflection points of the Arrhenius plots for mitochondrial respiration with observed differences in respiration at various temperatures reportedly due to changes in membrane phospholipid constituency (26, 27) . Also, soybean phospholipids have been reported to be modified by cold treatment (36) . In that our study covered only a short period, it is not possible to determine whether the observed differences in soybean mitochondrial respiration from the two treatments were of a transitory or permanent nature and if the cold treatment caused permanent injury. The change in the temperature of inflection to 2 degrees below the treatment temperature of 10 C with the cold-stressed seeds would indicate that to some extent chilling resistance may have developed. At this inflection point mitochondrial lipids undergo a phase change from a liquid-solid state to a solid state (<8 C) (27) . Apparently, damage may result to mitochondrial membranes when the lipid portions are in a prolonged solid state (21, 27) .
Dehydrogenase Activities and Freezing. Freezing has various effects on dehydrogenases. With freezing, lactate dehydrogenase, triose-P dehydrogenase, NADP-ICDH, ADH, and G6P-DH reportedly lost activity (4, 19) , MDH gained activity (9) and GDH lost, gained, or remained the same in activity (4, 9, 19) . In this study our results were similar to the aforementioned in that we found G6P-DH, ADH, and NADP-ICDH to lose activity and GDH and MDH to gain activity with storage at -10 C. Differences among dehydrogenases in response to freezing may be due to rearrangement of subunits (4) or to the breakdown of oligomer units. All compared activities reported here reflect activities after the same number of freeze-thaws (usually two or three). Arrhenius plots from preparations frozen various numbers of times did not vary significantly. Figure 3 indicates that there was a general decrease in GDH activity on a fresh and initial wt basis for 24 hr with both treatments. The plot of activity on a fresh wt basis appears as Arrhenius plots (Fig. 4, 10 C activity/Fig. 4, 23 C activity x Fig. 3, 23 C activity for the 10 C treatments). Assays were conducted at 23 C. (-) activities of seeds less activities of excised embryonic axes.
an inverted mirror image of that for imbibition (Fig. 1) . On an initial wt basis GDH began to increase in activity between 24 and 48 hr for the 23 C treatment. The GDH activity at 10 C for 10 C-treated seeds was calculated from Figure 4 to be about 35% of the 23 C activity (Fig. 3) . The amount of GDH activity recovered from particulate (mitochondrial) fractions was 66.7 ± 8.8% and 36.1 ± 5.1% of the total activity for axes and cotyledons, respectively, after 48 hr at 23 C. In general, preparations increased in the percentage of mitochondrial dehydrogenases (GDH, MDH, and NADP-ICDH) recovered in the mitochondrial pellet (20,000g) over the course of the experiment (data not shown). This was true for both treatments and may have been due to increased mitochondrial integrity as has been shown to occur with imbibition in legumes (33) . All GDH should have been mitochondrial in origin (7, 35) at this stage of development with any recovery of the enzyme in the supernatant due to mitochondrial disintegration.
The Arrhenius plot for cotyledon GDH activity (Fig. 4) has an inflection at 15 C. The Ea below the inflection point was twice that above it. Arrhenius plots of GDH activity from embryonic axes (Fig. 5 ) varied with the temperature at which axes were treated and with the extraction medium employed. extracted from 23-and 10 C-exposed axes, respectively, when isolated in sucrose, and 5.2 and 2.8 kcal/mol, respectively, when isolated in sorbitol. The inflection point was 6 C for GDH from both treatments in sucrose and 7 C for the 23 Ctreated axes in sorbitol. A discontinuity was observed at 17 C in the Arrhenius plot for GDH in sorbitol from axes of the 10 C treatment. Differences in GDH Arrhenius plots may have been due to changes in isoenzymes in germination at 23 C or to changes in polymerization and depolymerization (35) with the two treatments.
Glucose-6-Phosphate Dehydrogenase Activity. G6P-DH activity decreased rapidly during imbibition at both temperatures for the initial 3 hr (Fig. 3) . During the next 3 hr, activity decreased at 10 C and increased at 23 C. Activities increased rapidly between 6 and 12 hr and then leveled for the duration of the experiment at 10 C. A rapid increase in activity due to axis activity was observed between 24 and 48 hr with the 23 C treatment.
Arrhenius plots of cotyledon (Fig. 4) and axis (Fig. 5) G6P-DH activities indicated differences in the enzyme from the two sources. An inflection was observed at 12 C in the cotyledon Arrhenius plot whereas none was observed with the axis plots. However, G6P-DH plots revealed that deactivation of the enzyme occurred at higher temperatures in axis preparations. Decreases in activity began at 27 C and 30 C with preparations containing sucrose and sorbitol, respectively. E.s for the two axis preparations with both sucrose and sorbitol were similar in preparations of axes (13.9-14.4 kcal/mol).
Malate Dehydrogenase Activity. During imbibition at 23 C there was an increase in MDH activity on an initial wt basis for the first 3 hr and between 6 and 12 hr (Fig. 3) . From 24 to 48 hr the activity of MDH from the 23 C-treated seed increased to nearly twice that of the initial activity on an initial wt basis. At 10 C activity increased for the first 3 hr and then decreased for the next 3 hr much like the 23 C treatment. Activities of MDH from the 10 C treatment leveled between 6 and 24 hr and then increased for the last 24 hr of treatment. The amount of activity recovered in particulate fractions at 48 hr was about 39% and about 12% of the total activity for the 23 C-treated axis and cotyledon preparations, respectively, indicating that at least one-third of the MDH in axes was mitochondrial. In general, an increase was observed in the percentage of particulate MDH with time in both treatments as with GDH. (Fig. 4) (11) ; this appears not to be true during imbibition of soybeans in that we observed a considerable decrease in activity during the initial 6 hr of imbibition (Fig. 3) . This decrease in ADH activity was somewhat greater for seeds imbibed at 10 C. After imbibition while submerged, activities of ADH at both temperatures leveled, to some extent, except for activity between 24 and 48 hr for the 23 C treatment where an increase was observed. This increase in ADH activity appeared to be due to increases in both cotyledon and axis activity because activities of the two tissues were much the same at 48 hr.
An inflection was observed at 6 C in the Arrhenius plot for cotyledon ADH activity (Fig. 4) while none was observed for plots of axis ADH activity (Fig. 5) . The Eas for all plots between 20 and 30 C were nearly the same (11.2-11.5 kcal/ mol for axis plots and 11.4 kcal/mol for cotyledon plots) indicating a possible homogeneity in enzyme complement of ADH with the two tissues and treatments.
NADP-Isocitrate Dehydrogenase Activity. Figure 3 indicates that NADP-ICDH activity decreased with the initial 3 hr or imbibition at both 10 and 23 C with a subsequent recovery in activity over the next 18 hr. Between 24 and 48 hr, initial wt activity of seeds at 23 C increased rapidly to about 2.5 times the initial activity. Much of this activity increase may be due to germination (Table I) and subsequent increases in axis activity because cotyledon activity alone is near that for the 10 Ctreated seed. The NADP-ICDH activity calculated for 10 C (Fig. 3) from Figure 4 for 10 C-treated seeds was only 10% of the activity at 23 C.
The inflection temperature of 18 C in the Arrhenius plot of cotyledon NADP-ICDH activity (Fig. 4) was very high when compared to axis plots (Fig. 5) . Axis plots had inflections at 7.7 and 9.4 C in sucrose and 4.6 and 7.0 C in sorbitol with the lower inflection temperatures in each case determined with NADP-ICDH from the 10 C treatment. Eas for axis activity between 20 and 30 C were slightly lower for the enzyme extracted from seeds at 23 C (14.7-15.1 kcal/mol) as compared to those of the enzyme extracted from seeds at 10 C (15.7-15.9 kcal/mol). Eas between 0 and 10 C were about 35 kcal/mol for all preparations. It should be noted that Eas for NADP-ICDH were similar to those for mitochondrial respiration at 23 C (Fig.   2 ) indicating a possible relationship between it and mitochondrial respiration in soybeans. We found all extractable ICDH activity from mitochondria to be NADP-linked as have others working with legume mitochondria (2) . However, there is some controversy over the nature of NADP-ICDH in that some researchers have found a large amount of this enzyme in plant mitochondria (2, 6) and others have claimed or implicated that only a small proportion is associated with mitochondria (16).
We found that as much as 30% of NADP-ICDH could be found in particulate preparations of axes indicating that in soybeans the enzyme may be to some extent mitochondrial in nature. These data indicate that if NADP-ICDH is the citric acid cycle ICDH in legumes it could limit respiration at low temperature.
Dehydrogenases and Cold Treatment. The importance of energy transduction and the production of reduced nucleotides in cold acclimation has been recognized (1, 19) ; however, little is known as to how these factors are influenced by cold sensitivity. Brown (3) has shown that during imbibition and germination of Pisum there is a gradual increase in the proportion of reduced nicotinamide nucleotides in the form of NADPH (26% for dry seeds, 29% for imbibed seeds, and 39% for germinated seeds) indicating that NADP-linked dehydrogenases may gain importance in energy transduction during these processes. Our data indicate that NADP-ICDH and to a lesser extent G6P-DH could account for increases in the percentage of NADPH during imbibition and germination. Both of these enzymes were drastically affected by cold. The effect on NADP-ICDH was kinetic in that its activity was greatly lowered at 10 C whereas the effect of G6P-DH may have been both kinetic and a reduction in the total amount of enzyme in that a reduction in activity at both 10 and 23 C was observed (Fig. 3) . ADH was similar to G6P-DH in its response to cold imbibition. During germination, both NADP-linked dehydrogenases assayed increased in activity significantly, and to a greater extent than NAD-linked dehydrogenases.
The differences in Arrhenius plots that we observed with cotyledon and axis dehydrogenase activities may have been due to the degree of association with lipids. Removal of phospholipids from such enzymes as ATPase or succinate dehydrogenase results in a one-phase (constant slope) Arrhenius plot such as we observed with axis ADH and G6P-DH, and the addition of lipids yields a two-phase (inflection in the slope) Arrhenius plot (17, 29) . The nature of the lipid added will determine the slopes of the Arrhenius plots. Because soybeans contain large amounts of phospholipids, especially in cotyledons, it seems reasonable to assume that such enzymes as MDH, which is known to be associated with mitochondrial membranes, could respond like succinate dehydrogenase (2, 29) or ATPase in the presence of various lipids. All dehydrogenases are similar in physical characteristics (31) and might respond to various lipid environments in a similar manner. Our data indicate that all of the dehydrogenases tested had inflections in Arrhenius plots for activity when extracted from cotyledons whereas one-phase plots were observed for such cytosol enzymes as ADH and G6P-DH when extracted from seed axes. This could be indicative of lipid interactions with all cotyledon enzymes assayed and the absence of lipid interactions with cytosol axis enzymes assayed. Preliminary experiments with nonionic detergent extraction of these dehydrogenases indicate that this is the case (data not shown). As with mitochondrial respiration, differences in Arrhenius plots of enzymes from the 10 and 23 C treatments such as GDH and MDH may have been due to cold modification of soybean mitochondrial phospholipids (36) . Arrhenius plot differences of dehydrogenase activities with the two extraction media employed may have been due to changes in solute-H20 interactions, direct solute effects on the enzymes, or solute-lipid interactions.
